Freeze-dried scaffolds provide regeneration templates for a wide range of tissues, due to their flexibility in physical and biological properties. Control of structure is crucial for tuning such properties, and therefore scaffold functionality. However, the common approach of modeling these scaffolds as open-cell foams does not fully account for their structural complexity. Here, the validity of the open-cell model is examined across a range of physical characteristics, rigorously linking morphology to hydration and mechanical properties. Collagen scaffolds with systematic changes in relative density were characterized using Scanning Electron Microscopy, X-ray Micro-Computed Tomography and spherical indentation analyzed in a time-dependent poroelastic framework. Morphologically, all scaffolds were mid-way between the open-and closed-cell models, approaching the closed-cell model as relative density increased. Although pore size remained constant, transport pathway diameter decreased. Larger collagen fractions also produced greater volume swelling on hydration, although the change in pore diameter was constant, and relatively small at $6%. Mechanically, the dry and hydrated scaffold moduli varied quadratically with relative density, as expected of open-cell materials. However, the increasing pore wall closure was found to determine the time-dependent nature of the hydrated scaffold response, with a decrease in permeability producing increasingly elastic rather than viscoelastic behavior. These results demonstrate that characterizing the deviation from the open-cell model is vital to gain a full understanding of scaffold biophysical properties, and provide a template for structural studies of other freeze-dried biomaterials.
Introduction
The fast-growing field of tissue engineering produces new developments every day [1] , yet applications outside the laboratory are still often limited to the repair of planar tissues or organs that do not act predominantly as load-bearing structures [2] . Repair of large tissue damage, and eventually whole organs, requires three-dimensional scaffolds with the ability to determine the fate of the cells seeded within their structure. This can only be achieved through precise understanding and control of the scaffold's structure and physical responses, as well as its interaction with cells and biomolecules [3, 4] .
Collagen-based scaffolds have been the platform for a number of exploratory clinical trials that showed the true potential of tissue engineering for repairing significant tissue damage [5, 6] . Making up almost a third of total body protein [7] , collagen provides cells with a large number of natural cues for cell attachment [8] . By means of a freeze-drying process, collagen can be formed into a highly porous structure, with the pore space defined by the growth of ice crystals [9] . Recent innovations in the understanding of this process now allow pore size and anisotropy to be precisely controlled, in structures with porosity in excess of 99% [10] [11] [12] . The resulting versatility of the freeze-drying process has prompted further studies, in which microporous tissue engineering scaffolds were fabricated from a number of different polymers. These included gelatin [13] and its blend with hydroxyapatite [14] , polylactic acid (PLA) [15] , polycaprolactone (PCL) [16] , and chitosan and alginate [17] . Methods for the characterization of key features of such microporous scaffolds, like the presence and characteristic size of transport pathways and the multi-scale mechanical response, have been developed [18, 19] . Nevertheless, the relationships between solid arrangement and scaffold physical properties are still not well understood. In this study, a combination of morphological and physical characterization techniques is used to probe these relationships, focussing specifically on the response of freeze-dried collagen scaffolds according to their solid concentration. The structure of freeze-dried materials has often been approached using geometrical considerations, since their pore morphology has been observed to be similar to that of tetrakaidecahedra, showing an average of 14 faces per pore and nearlytetrahedral vertices [20] . Equally, the materials have previously been reported to behave mechanically as open-cell foams, where the pore volume is delimited by struts only and no pore walls are present [21] . However, this model does not reflect the morphological properties of the scaffold, since pore walls have been clearly observed in multiple studies on these materials [19, 22] .
The potential implications of this clear deviation from the open-cell model
have not yet been studied, but are likely to influence the mechanical behavior and transport characteristics of these materials, as well as affecting the surface area available for cell adhesion.
In a preliminary study by the authors, it was shown that while the mechanical response of these scaffolds varies with solid concentration at the macroscale, it remains constant at the scale of a single cell [19] . As the material making up the structure remains unchanged and is not otherwise densified with increasing concentration, it must therefore occupy more volume in the form of either thicker struts or an increasing number of walls per pore. The aim of the current study is therefore to use rigorous morphological characterization methods to understand these changes in more detail, and to correlate them with the observed physical properties of each scaffold. The morphology is first investigated in the dry state, for ease of characterization by Scanning Electron Microscopy (SEM) and X-ray Micro-Computed Tomography (Micro-CT). As the materials are designed to function in the highly hydrated environment of the body, particular attention is then given to the effect of hydration on both morphology and mechanical properties. This includes the movement of fluid through the structure and its effect on the time-dependent deformation of the materials. In this way, the relevance of the open-cell model is assessed for predicting and explaining the functional properties required of a freezedried tissue engineering scaffold.
Experimental methods

Scaffold fabrication
Insoluble fibrillar type I collagen from bovine Achilles tendon (Sigma-Aldrich, UK) was used for scaffold fabrication using a freeze-drying technique, as previously described [19] . Briefly, collagen was suspended in 0.05 M acetic acid (Alfa-Aesar, UK), at a concentration controlled between 0.5% w/V and 1.5% w/V in increments of 0.25% w/V, and blended to form a homogeneous slurry. Freeze-drying of the slurry took place in silicone molds at approximately 5 mm filling height. The freezing step was carried out at À20°C, following a cooling rate of 0.5°C/min from room temperature, and the drying step took place at 0°C under a vacuum of 80 mTorr. The scaffolds were then cross-linked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma-Aldrich) and N-hydroxysuccinimide (NHS, Sigma-Aldrich) in ethanol-water (95% V/V), in the molar ratio 5:2:1 relative to the collagen carboxylic acid groups (EDC:NHS:COOH). The dry scaffold density, q Ã , was measured as the weight of the samples over their volume and used in conjunction with that of collagen (q S = 1.3 g/cm 3 [21] ) to calculate their relative density
observed relationships between scaffold properties and slurry concentration are described in terms of this relative density. However, since relative density was calculated to change upon hydration (see Section 2.3), comparisons between the dry and hydrated states are described in terms of slurry concentration itself.
Morphological characterization
The morphology of the freeze-dried scaffolds was investigated by SEM in the dry state and Micro-CT in the dry and hydrated states. SEM micrographs, acquired with an EVO LS15 machine (Carl Zeiss, Germany) at an acceleration voltage of 8 kV, were used to measure the thickness of the pore walls, t w , and struts, t s , as a function of solid concentration in the scaffolds (Fig. 1) 
Measurements of D p were made from 3D Micro-CT visualization. Samples were scanned using a Skyscan 1172 system (Bruker, BE) at 25 kV and 137 lA, with a pixel size of 4 lm. Exposure time was set at 750 ms, averaged over 2 frames, with a rotation step of 0.2°. Pore size D p was also measured for the hydrated state, by staining samples approximately 10 mm Â 10 mm Â 2 mm for 48 h in a solution of 0.3% phosphotungstic acid (Sigma-Aldrich, UK) in 70% ethanol. Submerged samples were degassed under vacuum to ensure complete penetration of the staining solution. Stained samples were washed in 70% ethanol and in deionized water, before scanning in fresh deionized water at 40 kV and 250 lA with a 0.5 mm Al filter. Exposure time was increased to 1500 ms, with all other scan settings kept constant. The shadow projection images were reconstructed into 3D datasets using the Skyscan software NRecon, and binarized using the Trainable Segmentation plugin in the ImageJ software distribution FIJI. Image noise was removed using the FIJI Despeckle function in 2D, followed by a 2 Â 2 Â 2 median filter in 3D. Pore size D p was calculated from 2D slices of area 8 mm 2 , sampled at 100 lm spacing in three perpendicular planes. Outliers up to 2 pixels in size were removed to allow ellipse fitting using the automated Watershed and Analyse Particles functions in the FIJI software. Pore size was defined as the diameter of the circle of equivalent area to each ellipse. The average pore size for a given Micro-CT volume was calculated as the mean value over all three planes.
Micro-CT analysis was also used for numerical analysis of the pore space transport pathways through the structure, by calculation of percolation diameter as described previously [18] . Briefly, the distance accessible in a specified direction, L, to a spherical object of diameter d may be described using the following relationship:
Using this relationship, successive measurements of L and d may be extrapolated to find the percolation diameter, d c , which represents the diameter of the object that may travel through a scaffold of infinite dimensions. This critical diameter describes the characteristic size of the pathways encountered by an invading object in a specified direction [18] . Measurements of L and d were obtained using the Skyscan software CTAn, for object travel in the scaffold z-direction (i.e. the direction of solidification). The CTAn software was also used for calculation of specific surface area (SSA), the pore wall surface area per unit scaffold volume, using the 3D Analysis function. The SSA measured for each condition was then used to calculate the pore coverage fraction, c, from the 
c can assume a value between 0 and 1, where 0 corresponds to an open-cell structure (no pore walls) and 1 to a completely closedcell structure.
Swelling studies
Scaffold samples measuring roughly 2 cm Â 2 cm Â 5 mm were hydrated in distilled water for 48 h and then degassed under a vacuum of 3000 mTorr for 20 min, to ensure the removal of any remaining air bubbles within the pore structure. Swelling was measured post-degassing in terms of the mass swelling ratio, Q m , and volume swelling ratio, Q V , calculated as:
where m d and m h are the dry and hydrated masses of the samples, and V d and V h indicate the volumes of the samples before and after hydration, respectively [25] . The relative density of the hydrated scaffolds was calculated as:
and reported in Table 1 together with the corresponding dry relative density and original composition of the slurry. The hydrated mass is the sum of the solid dry mass, m d , and mass of water hydrating the scaffold. The latter is present in two states, free water occupying the pore spaces and water bound to collagen. The proportion of bound water was measured by manually squeezing out the free fluid until only hydrated collagen was left, with a mass m d þ m b , where m b is the mass of bound water. These were used in conjunction with Q V to calculate the increase in pore free space V p;h =V p;d , the nominator and denominator being the pore volume in the hydrated and dry conditions, respectively. The relationship, derived in Appendix A, is:
where q w is the density of water (1 g/cm 3 ). All calculated morphological parameters are depicted in graphs with gray markers to distinguish them from measured variables, which are given black or white markers where plotted as a function of dry or hydrated relative density, respectively.
Mechanical testing
Spherical indentation was used to characterize the timedependent mechanical response of the scaffolds in the dry and hydrated states. Testing was performed in displacement-control on an Instron 5544 universal testing machine (Instron, US), with a glass tip of 4 mm diameter. A ramp-hold profile was used with Fig. 1 . Measurement of morphological features from SEM micrographs: pore wall thickness, t w , and strut diameter, t s . The diagram shows how pore struts (dark) are always the intersection of three distinct pore walls in the tetrakaidecahedron model used to quantify the pore geometry. Table 1 Scaffold relative density resulting from each initial slurry concentration, measured directly for the dry state, and calculated using measurements of bulk swelling (Q V ) for the hydrated state, shown as mean AE standard deviation.
Slurry concentration (% w/V)
Dry relative density,
Hydrated relative density, a ramp of ten seconds to an indentation depth of 0.2 mm, followed by a hold of 120 s. A viscoelastic framework of analysis was used for both dry and hydrated scaffolds, while the hydrated samples (degassed) were also investigated within a poroelastic framework. Both frameworks were applied using algorithms based on exponential fitting of the load relaxation profile [26] [27] [28] . Viscoelastic analysis yields the instantaneous modulus, E 0 , equilibrium modulus, E inf , and viscoelastic ratio, R ¼ E inf =E 0 , of the scaffolds. Poroelastic analysis yields the drained modulus, E p , Poisson's ratio, m, and hydraulic permeability, K, of the hydrated scaffolds, which dictates the mobility of water within the porous structure. The hydraulic permeability was also measured directly using a custom-built rig that measures the pressure difference between two sides of a sample as distilled water is pressured through it by use of a syringe pump (Fig. 2 ). Darcy's law was applied to obtain the hydraulic permeability:
where k is the intrinsic permeability of the material, l is the dynamic viscosity of water (8.90 Â 10 À4 Pa s) [20] , Q is the volumetric flow rate, A the surface area, Dx the thickness of the sample, and p the pressure increase. Two volumetric flow rates (0.05 mL/hour and 0.1 mL/hour) were applied consecutively to each sample to check for flow-independent linearity. Since this was observed in all cases, the average hydraulic permeability over both flow rates was calculated.
Statistical analysis
All morphological analysis was averaged over at least three regions, from at least two different physical samples per condition. Likewise, all swelling and mechanical measurements were made from at least two different samples per condition. Each value is reported as mean and standard deviation of these measurements. The reported trends with scaffold relative density were tested for statistical significance using one-way analysis of variance (ANOVA). Where comparisons between two different trends are made, statistical significance was assessed using paired t-tests. A probability value of 95% (p < 0.05) was used to determine significance for both types of test. When comparison to a theoretical trend is made, the exponent of each trend, n, where y ¼ x n , is also reported as mean and standard deviation, with the accompanying R 2 value to indicate how well the data fits this trend. All statistical analysis was carried out using the standard statistics package in Origin Pro 2015 (Origin Lab, US).
Results
Dry morphology
The SEM micrographs depicted in Fig. 3a-c show a qualitatively similar pore architecture for all concentrations: pore spaces are defined by walls that partially enclose an empty volume. Some slight pore size variation could be seen between sections, as can be expected from the stochastic nature of the ice crystallization process [29] , but no systematic change was apparent with concentration.
However, a systematic increase in both pore wall and strut thicknesses could be seen with increasing concentration, as can be seen visually in Fig. 3d-f , and reported quantitatively in Fig. 4 . As scaffold relative density increased, a statistically significant trend in the thicknesses of the pore walls and of the pore struts was observed (p < 0.05). The relative thickness of the features, t w =t s , remained constant, showing no significant trend with relative density (p > 0.05), as shown in Fig. 4a . Additionally, it can be seen that the relative thickness was approximately 14%, indicating that the thickness of the pore walls was roughly an order of magnitude smaller than that of the struts. Quantitative pore size measurements from Micro-CT confirmed the absence of any significant trend with relative density (p > 0.05), as shown in Fig. 5a . However, the measurements of percolation diameter showed a systematic decrease with increasing relative density, a trend which was found to be statistically significant (p < 0.05). This decrease in characteristic transport pathway diameter was also accompanied by an increase in measured SSA, as shown in Figure 5b . However, the increase in SSA was small compared with the difference between the measured results and those calculated for SSA open [23] , which appeared always much smaller.
Using the measured values of pore size andSSA, pore coverage fraction, c, was calculated for each concentration, as shown in Fig. 6 . The increase in c with relative density was found to be statistically significant (p < 0.05). Overall, these results indicate that in addition to producing thicker pore walls, an increase in relative density produces a pore structure morphologically closer to that of a closed-cell model.
Hydration and swelling
The 3D Micro-CT images in Fig. 7 provide a representative view of the pore structures observed in the dry and hydrated states. All images shown indicate an isotropic pore structure for each condition, with very little change in pore size as concentration increased. It is also evident from these images that very little visible change in pore structure occurred on hydration. However, the scans from the hydrated scaffolds contain more noise, particularly for the smaller collagen concentrations. Fig. 8 displays the effect of hydration in terms of bulk swelling of the scaffolds. Each trend is plotted as a function of hydrated relative density. It was observed that whereas the mass swelling ratio decreased with relative density, the volume swelling increased, with both trends found to be statistically significant (p < 0.05). To investigate this phenomenon further, the free water within the pore space was removed, allowing the relative contributions of free Fig. 2 . Schematic of direct permeability measurement rig. As the sample was placed between the two holders, care was taken in order to avoid straining it, and therefore affecting the permeability results.
water uptake and swelling of the pore walls to be measured. As shown in Fig. 9a , the amount of water bound to the collagen pore walls was constant when normalized over the scaffold dry mass, with no significant trend with relative density (p > 0.05). Additionally, Fig. 9b shows that the swelling of the free pore volume upon scaffold hydration was constant within the range of relative densities under investigation (p > 0.05), with a 20% increase in pore volume observed for all conditions. These calculations of bulk swelling characteristics may be compared with the pore sizes measured from the hydrated scaffolds, as shown in Fig. 10 . It is apparent that, as for the dry pore sizes discussed above, there was no trend in hydrated pore size with slurry concentration. Furthermore, the hydrated pore size measurements showed no significant difference to the dry measurements (p > 0.05), in comparison with the effects of measurement variability, indicated by the standard deviation. This level of variation is particularly apparent for the lower solid fractions, which correspond to the hydrated Micro-CT scans with greatest noise level, as is visible in the relevant images in Fig. 7. Fig. 11 shows that the scaffold compressive modulus increased with relative density, in both the dry (viscoelastic) and hydrated (viscoelastic and poroelastic) states. For simplicity, only the poroelastic results are shown for the hydrated scaffolds, as the viscoelastic ones were found to follow the same trend. All such trends were found to be significant (p < 0.05) and very close to the quadratic relationship expected for open-cell materials [23] , where deformation occurs by bending of the struts, with n = 2.4 AE 0.3 (R 2 = 0.96) and n = 2.0 AE 0.2 (R 2 = 0.93) for the dry and hydrated states respectively. Fig. 11 also shows linear (n = 1) and cubic (n = 3) relationships for comparison. These correspond to the behavior expected for a closed-cell material where deformation occurs by pore wall stretching and bending, respectively [30] . As shown in Fig. 12a , the Poisson's ratio of the hydrated materials also increased significantly with relative density (p < 0.05). The values shown are for the de-gassed samples only, and are all below the value expected for an incompressible fluid (t ¼ 0:5), indicating the contribution of fluid flow. Although out of scope in the present study, it is worth mentioning that a similar investigation of non-degassed samples led to Poisson's ratios below zero at small relative densities, indicative of lateral collapse due to the presence of air pockets within the pore structure.
Mechanical properties
The viscoelastic ratio measurements shown in Fig. 12b were observed to be larger in the hydrated than in the dry state, as pre- viously reported [19] . In particular, it can be seen that whereas the viscoelastic ratio remained constant in the dry state (p > 0.05), it increased significantly with concentration in the hydrated state (p < 0.05), approaching a value characteristic of an elastic (R = 1), rather than viscoelastic (R = 0), response. Fig. 13a shows that as relative density increased, the hydraulic permeability also decreased significantly (p < 0.05). In this case, the values measured for degassed and non-degassed samples were comparable (p > 0.05). In addition, satisfactory agreement can be seen between the values obtained from direct measurements and from poroelastic analysis. Fig. 13b shows that the fluid mobility within the scaffolds may be correlated to percolation diameter, increasing by approximately one order of magnitude with increasing size of the transport pathways.
Discussion
The results presented in this study provide new insights into the relationship between the structure of freeze-dried microporous scaffolds and their observed physical properties, which may ultimately affect their functionality as tissue engineering scaffolds.
Since the relative density of porous materials is known to be a key determining factor in terms of both fluid content and scaffold mechanical properties [20, 21] , systematic changes in relative density were examined for their influence on morphology and behavior, by control of the collagen concentration in the precursor slurry. Morphologically, the pore size remained virtually unchanged with collagen concentration. Although changing solid concentration has been associated with pore size variation in previous studies, the reported trends differ from study to study [10, 31] . The consensus in the literature is that the pore size of a freeze-dried collagen scaffold depends primarily on the chosen temperature profile [32] , which was kept constant throughout this study.
Contrary to the pore size, measurements of percolation diameter indicated a decrease in the characteristic diameter of the pore transport pathways with solid concentration. Since this occurred at constant pore size, the likely explanation is that the scaffold structures at large solid concentrations approached that of a closed-cell model. This result is supported by the measurements of SSA and the calculation of the pore coverage fraction, which suggested that the fraction of pore walls increased with solid concentration. A larger surface area has previously been shown to improve the survival of cells seeded in the structure [12] . However, as the morphology of these scaffolds approaches a closed-cell nature, the accessibility of the scaffolds to cell invasion may become a crucial consideration: poor scaffold transport properties as characterized by small percolation diameters have previously been shown to inhibit fibroblast invasion [33] .
Morphologically, all structural parameters were influenced by relative density: in addition to the increasing number of closed pore walls described above, the results in Figs. 3 and 4 show that the thicknesses of the pore walls and struts also increased as solid concentration increased. The ratio between the two, however, remained constant for all concentrations, with the strut diameter consistently an order of magnitude larger than the pore wall thickness. It is therefore expected that, in this case, the stress imposed on the scaffolds will be mainly carried by the struts [30] . This clarifies the observation that, despite the presence of pore walls within the scaffolds, the observed mechanical response showed a quadratic relationship between modulus and relative density: a response typical of open-cell foams [30] . This relationship was found to apply in both the dry and hydrated states, consistent with previous studies in which freeze-dried collagen scaffolds have been modeled as open-cell foams [21] . (a) Pore size and percolation diameter, given as mean and standard deviation of the measurements from six regions per condition, and (b) specific surface area as a function of relative density, given as the mean and standard deviation of three measurements. While the pore size remains constant between conditions, the size of transport pathways in the materials become smaller with increasing solid concentration. In (b) the specific surface area expected for an open-cell material with the same pore size and concentration of collagen is also shown and observed to be much smaller than that measured due to the presence of pore walls. Unlike the modulus, the time-dependent response of the materials was affected by the presence of pore walls. In particular, the load relaxation in the hydrated state, as characterized by the viscoelastic ratio, was seen to decrease in magnitude as relative density, and therefore pore coverage fraction, increased (Fig. 12) . It is likely that this behavior stemmed from fluid flow, since values of Poisson's ratio below 0.5, such as those shown in Fig. 12a , indicate fluid extrusion out of the scaffold. As water is retained in the structure, it may provide additional pressure that prevents the buckling of the structure over time. The increasing Poisson's ratio as relative density increases therefore suggests that fluid mobility was hindered at greater solid fractions, which correspond to the scaffolds with smaller percolation diameters and larger pore coverage fractions. The mechanical response also became progressively more elastic and less viscoelastic in nature, as a result of the small hydraulic permeability at large solid fractions shown in Fig. 13 . The correlation shown in Fig. 13b indicates that this change in hydraulic permeability was strongly related to scaffold structure, with the increasing number of pore walls at large relative densities decreasing the availability of transport pathways for fluid flow.
The small hydraulic permeability at large relative densities has important implications for the ability of seeded cells to receive nutrients and eliminate waste. Although beyond the scope of this paper, it is interesting to note that the permeability results reported here are two orders of magnitude smaller than those previously reported for materials of similar structure [20] . However, it is recognized that comparison between permeability results obtained in different studies is currently extremely difficult, due to the variety of methods available for its measurement [34] . Nevertheless, the relatively slow flow rates used for direct permeability measurement in this study produced results consistent with those obtained by indentation, as has been observed in the past for hydrogels [35] . Most crucially, both methods show a clear relationship between permeability and scaffold structure, with fluid flow impeded by the structural arrangement at large relative densities.
Structural characterization in the dry state is often much more straightforward than in the hydrated state, leading to the common but necessary assumption that any morphological differences between the two states are minimal. Here it was shown, not only that the volume swelling experienced by the scaffolds is constant with relative density, but that the associated change in pore size is very small relative to the variability inherent in its measurement. This was confirmed both by direct measurements from Micro-CT, and also by calculation from measurements of bulk swelling, which indicated that the pore volume increased by a factor of 1.2 on hydration, for all conditions. This would be expected to correspond to a pore size change of ð1:2Þ 1 3 , i.e. roughly 6%. These results therefore validate the assumption that scaffold structure is largely constant on hydration, justifying the correlation between morphological properties in the dry state and the physical properties of hydrated scaffolds. Conventional, nanoporous soft materials such as hydrogels present proportional mass to volume swellings, both inversely proportional to the amount of cross-linking [36] . However, the results in Fig. 8 clearly show that, in the case of microporous scaffolds made from cross-linked solids, the mass and volume swelling measurements produced opposite trends. As discussed above, the pore space available for free water does not change substantially with relative density, therefore any trend must be primarily due to the solid fraction. Since the mass of water bound to the collagen was constant when normalized to the dry mass, as shown by the bound water analysis in Fig. 9a , the swelling of the collagen itself was constant, irrespective of total concentration in the scaffold. The increase in volume swelling ratio can therefore be explained by the solid material swelling increasing in proportion to the solid concentration. It also provide further evidence that the nanoscale properties of the material making up the scaffolds remain the same, despite the varying properties of the materials at the bulk scale [19] , and consistent with the constant amount of crosslinker added per solid mass. The cause of the decrease in mass swelling ratio, by far the most common parameter for describing hydration of these scaffolds [37, 38] , therefore appears to be entirely due to the normalization to scaffold dry mass involved in its calculation. The result, in this case, is to produce an intrinsic decrease in the mass swelling ratio as relative density increases.
Swelling measurements in microporous scaffolds should therefore be interpreted with care, avoiding misleading definitions that do not describe their true physical behavior.
Overall, the results reported in this study indicate that the presence of pore walls is expected to influence the functionality of freeze-dried microporous materials as tissue engineering scaffolds. Although modeling these scaffolds as open-cell materials may be appropriate from a static mechanistic point of view, the pore closure fraction has implications for other physical properties. Extrapolation of the calculated trend for pore coverage fraction, Fig. 6 , indicates that as the relative density approached zero, the Young's moduli of (a) dry and (b) hydrated scaffolds varying quadratically with relative density. The dashed lines provide a guide to the eye comparing a linear, quadratic and cubic dependency between modulus and relative density. structure tended towards the limit of an open-cell model. Percolation diameter also tended towards the pore size as relative density decreases. This suggests that the concerns about fluid mobility and cell accessibility become more relevant as relative density increases. However, since large relative densities may be preferable in terms of modulus and specific surface area, it may be that a balance is necessary in order to optimize the scaffold physical properties according to a chosen biological application.
Conclusions
Characterization of the morphology, hydration and mechanical properties of freeze-dried collagen scaffolds has provided new insights into the link between their structure and function. An increase in both pore wall closure and the thickness of pore walls and struts was observed on increasing relative density. These factors were found to determine the volume swelling on hydration, which increased in proportion to relative density. Pore size, however, remained relatively constant with relative density, and increased by only $6% on hydration. Since this change is small relative to the inherent variability in its measurement, this validates the common assumption that morphological measurements in the dry state are representative of hydrated scaffolds. Crucially, although the dry and hydrated moduli of the bulk scaffolds were dependent on the pore struts alone, as expected of open-cell materials, the presence of pore walls dictated the fluid mobility within the scaffolds. This result has implications for the diffusion of nutrients and waste, the infiltration of cells, and also the timedependent mechanical response. Therefore, modeling freezedried scaffolds solely as open-cell materials does not permit full optimization of scaffold functional design. Characterizing the deviation from this model is necessary in order to gain a full understanding of scaffold biophysical properties, including mechanical properties as well as accessibility to nutrient flow and cell invasion. This study provides a template that can be used to identify such deviation, ultimately optimizing scaffolds for specific tissue applications. Advanced Grant No. 320598 3D-E, Geistlich Pharma AG and the EPSRC who supported this work through the Doctoral Training Account and the EP/G037221/1 grant. Supporting research data as required by EPSRC research policy may be accessed at https:// www.repository.cam.ac.uk/handle/1810/253598.
Appendix A
In the dry state the mass of a scaffolds is m d and its volume, V d , is the sum of the volume occupied by collagen, V S;d , and the free pore space, V p;d . As the scaffold is hydrated, the mass is increased by that of the water imbibed in the scaffold, the sum of free and bound water, m f þ m b . Similarly, the volume is the sum of the volume of hydrated collagen, V S;h , and that of the free water-filled pore space, V p;h . The volume swelling ratio is then:
and the pore volume swelling ratio is:
The volumes taken into consideration can be further expressed as a function of measured or known quantities. Firstly, the dry volume of collagen is: , assuming the water bound to collagen has the same density q w as that of free water.
Secondly, the pore volume in the dry state is equal to the difference between the bulk dry volume and the volume of dry collagen:
Or, expressed in terms of the relative density of the scaffolds:
so that substitution then gives:
or, dividing by V S;d :
